We report on a combined differential scanning calorimetric (DSC) and Raman scattering study of thermal polymerization of sol-gel organic-inorganic SZ2080 and SU-8 resists. In SZ2080, endothermic peak at 95
INTRODUCTION
Direct laser writing by femtosecond (fs) laser pulses has long been the method to fabricate high spatial resolution structures in photo-polymers. 1 However, the used resins and resists were not optimized for fs-laser wavelength nor nonlinear absorption. Recently, the highest resolution three-dimensional (3D) structures were polymerized using not only the ultra-short femtosecond (fs)-lasers but also continuous wave (cw) 2 and picosecond (ps) 3 laser sources. Also, the fs-lasers at high MHz repetition rate can be used to explore thermal polymerization mode and achieving high spatial resolution. All this become possible because a new trend in preparation of photo-polymers based on sol-gel mixtures of organic and inorganic compounds. 4, 5 This greatly simplified fabrication where complex arrangements of beams and specialized photo-materials have to be used. 6 Also, photo-sensitization by two-photon absorbers 7 is not necessarily required for thermal polymerization. 8 It is noteworthy, that one photon and thermal polymerization 9 had always been known in 3D photo-polymerization, however, it was less explored as compared with nonlinear polymerization. Hence, direct laser curing of photo-polymers is a promising for practical applications.
10, 11
In many analytical and application oriented experiments, in situ monitoring of crystallinity, chemical composition, reaction yield, structural, density, etc., changes would reveal the underlying mechanisms. In photopolymerization, a control of Raman spectrum changes during exposure 12 can provide a feedback control on the cross-linking, 3, 8, 10 hence, on mechanical properties of polymerized structures, [13] [14] [15] [16] [17] [18] their robustness during recovery from wet bath processing (development and rinse). Raman scattering as a non-contact method is a preferable monitoring technique and can be in principle combined with direct laser writing or exposure sequence. Complimentary, a differential scanning calorimetry (DSC) is very sensitive and powerful method to detect crystallinity changes, melting, and amortization. All those structural changes are usually linked to optical ant thermal properties of materials making a combination of DSC and Raman monitoring a very promising for a wide field of applications and fundamental analytical material science.
Here we demonstrate, for the first time, a combination of DSC and Raman techniques on a prototype measurement device level. The Raman signal is collected during simultaneous heating of the photo-polymer samples. Changes of Raman bands and DSC heat flow changes reveal the nature of exo-or endo-thermic processes occurring at a specific temperature range. Exact temperature at the irradiation site can be determined using ratio of Stokes and anti-Stokes bands as discussed here.
EXPERIMENTAL
We used a Perkin Elmer setup capable of simultaneous measurement of the differential scanning calorimetry (DSC) and Raman scattering with specially designed measuring head (Fig. 1) . The Raman excitation source was either an Ar-ion cw-laser emitting at 514 nm wavelength or solid state cw-laser operating at 785 nm. Laser emission was modulated by a chopper at a required 1-10 Hz frequency. The excitation was delivered to the sample via multi-mode fiber of 90 μm diameter and was picked up by a 200 μm diameter fiber (see, Fig. 1(b) ). The laser irradiation spot on the resist sample, which was approximately 100 μm-thick, was ∼3 mm.
It is essential for precise measurements to avoid material boiling and bubbling as it changed heat exchange conditions. For this reason, a SiO 2 glass cover was used. The heating rate of material is controlled by the shutter speed, which made one or two exposures of 0.1-0.2 s duration per 1 s. At such conditions there was now thermal accumulation and temperature jumps up to 2-3
• C per exposure were fully dissipated over a focal spot size of approximately 100 μm. Hence, an optical exposure of resist (and a Al pan holder) was combined with DSC scan at heating rates of ∼5-10 K/min.
A popular sol-gel organic-inorganic SZ2080 resist was used in this study. 8 This resist consists of 20% of zirconia and 80% of polymer forming methacryloxypropyltrimethoxysilane (MAPTMS, Polysciences Inc.) and methacrylic acid (MAA, Sigma-Aldrich) both having photo-polymerizable methacrylate moieties. Two different photoinitiators Irgacure 369 (2-Benzyl-2-dimethylamino-1-(4-morpholinophenyl)-butanone-1) and Michler's ketone (4,4'-bis(dimethylamino)benzophenone) were added for comparison of polymerization of pure SZ2080; the Figure 2 . Scanning electron microscopy (SEM) images of 3D structures formed by direct fs-laser writing at a high 80 MHz repetition rate (with a thermal accumulation) in SZ2080 resist (with Irg. photoinitiator). The resist was 1 h pre-baked at 100
• C before laser writing. 3D polymerized patterns were retrieved from solution using critical point drier (CPD) to avoid capillary collapse of the high resolution structures.
photoinitiators are further referred to as Irg. and Bis., respectively. Also a popular SU-8 resist was used in experiments.
Droplets of micro-liters in volume were injected into typical DSC Al pans with subsequent annealing at 40
• C for 10 min in order to increase the viscosity of photo-polymer. The droplets uniformly spread over the bottom of 8-mm-diameter Al pans creating film of approximately 100 μm thickness.
RESULTS
In the following sections the results of DSC and Raman scattering data and connections between them are described. Figure 2 shows 3D micro-structures made by fs-laser writing using 800 nm/100 fs pulses of 80 MHz repetition rate in SZ2080 resist. At this high repetition rate the thermal accumulation was present 3, 8 even at tight focusing with an objective lens of numerical aperture NA = 1.4. The 3D structures with resolution down to 250-300 nm in diameter per scanned line can be achieved. It is critically important to know and quantify the polymerization quality and degree of cross-linking of such structures for their applications in MEMS/NEMS and optical applications. 13, 19 A combined DSC and Raman measurements can be used to achieve that as discussed below. Figure 3 shows the DSC scan with Raman laser source exposure. A single exposure duration was Δt = 11 s with duty cycle close to 0.5, i.e., with approximately equal closure time. At approximately T = 90
SZ2080 resists
• C a strong endothermic peak (1) was observed signifying drying of the resist and removal of water, which always present or generated to some extent in sol-gel materials. 20, 21 The main feature (2) was an exothermic peak attributable to cross linking and polymerization of the resist. Then, the polymerization peak dives into the endothermal region, which can be explained by water formation and removal during gelification. 20, 21 Indeed, a typical sol-gel transition releases water upon gelification which has to be evaporated, hence, some thermal energy should be consumed.
Figure 4(a) shows the Raman scattering spectra at different time moments from the start of exposure. After approximately 8 min, no further spectral changes were observed and SZ2080 was fully polymerized. Continued exposure at the same conditions for 1 h had no any effect on Raman spectra. Cross-linking of MMA (H 2 C=C(CH 3 )COOCH 3 ) into the PMMA network can be judged by decrease of the 1640 cm −1 band of C=C stretching which is only present in MMA. 22 The C=O signature of the ester carbonyl group at 1725 cm −1 is present in both MMA and PMMA and their ratio is used to judge degree of cross-linking. 22 The MMA part in the SZ2080 resist is approximately 80% by weight. Disappearance of the weak C=C signature at prolonged heating is consistent with polymerization. For comparison, Raman spectra under 100 mW excitation (785 nm wavelength) were measured in pure resist and with photoinitiators. Interestingly, Irg. and Bis. have a side-band vibration mode close to the C=C band. Cross-linking and decrease of the C=C signature might be directly affected by excitation of the photo-initiator at the close by band. This needs further investigation. However, from the relative Raman intensities it is clear that addition of photo-initiator which has more red-shifted absorption band (Bis.) increase Raman excitation of material. This excitation contributes to the heating and cross linking of the resist and it is very little researched area.
The DSC scan reveals heat exchange flow as shown in Fig. 5 . The exothermic bump is recognizable around 150
• C and the slope change at ∼ 220 • C is a signature of glass transition. The glass transition point is an important parameter for a post-fabrication treatment of fs-laser formed 3D micro-structures. Smoothing of surface and release of mechanical stress can be performed by a controlled thermal treatment near the T g point.
The most prominent Raman bands in the photo-sensitized and pure SZ2080 were around: 1709, 1639, 907, 852 cm −1 (SZ2080), 1640-1635, 889, 453 cm −1 (SZ2080 with Bis.), 1709, 1639, 907, 854, 824 cm −1 (SZ2080 with Irg.). All those Raman bands experienced very similar changes upon annealing. Figure 6 shows DSC and simultaneously measured Raman changes in the SZ2080 resist with Bis. photoinitiator, where the largest changes were observed. At the time of ∼ 41 min (when temperature was 120
• C at a heating rate of 5 K/min) a polymerization related exothermic spike was observed similar to the one in SZ2080 resist (see, Fig. 3 ). Since the absorption band of photo-initiator was far from the used 785 nm excitation there were no polymerization induced via optical means and polymerization was purely thermal. Interestingly, the Raman intensity changes lagged in time and are observed after 48 min (Fig. 6(b) ). The difference can be attributed to smaller irradiation spot ( 3 mm in diameter) where effect of laser accelerated polymerization took place.
SU-8 resist
In the case of SU-8 commercial resit the strongest changes in Raman spectrum changes upon annealing were observed at the narrow 895 cm −1 band; the excitation at 785 nm wavelength excitation. This band can be attributable to the acetic acid. Usual polymerization of chemically enhanced SU-8 resist proceeds via generation of Lewis acid which is detached from the monomer molecules and promotes cationic cross-linking under UV exposure.
The DSC energy flow measured without Raman excitation showed a prominent 65
• peak. Recalling the SU-8 sample preparation protocol, a soft-bake at 65
• is required before laser or other optical exposure of the resist. This peak is related to the solvent evaporation (an endo-thermic peak). In general, DSC features were less expressed as compared with SZ2080. The changes attributable to water evaporation at ∼ 100
• C, polymerization at ∼ 144
• C, and glass transition at ∼ 210 • C were distinguishable (not shown here). When DSC heat exchange was measured together with Raman scattering (Figs. 7 and 8 ) changes of Raman band intensity was observed. Those changes took place at few different temperature windows consistently with the DSC only measurements. Figure 7 shows a disappearance of the band at 75
• C, which can be related to evaporation of a cyclopentanone solvent. The largest Raman intensity changes occurred at the 895 cm −1 band (Fig. 8) which is a very narrow feature in Raman spectrum (Fig. 9) . Interestingly, number of the Raman bands experienced similar behavior under DSC scan. Since the cw-laser excitation was way out of the UV absorption band of the triarylium-sulfonium salt, photoinitiator of SU-8, a purely thermal polymerization is expected. Several Raman bands were not changing upon DSC scan. Those bands were not present in the SZ2080 Raman spectrum (Fig. 4(b) ) and, hence, are not related to the Raman scattering in fibers used for excitation and collection of signal (silica fibers usually have Raman bands around 420 cm −1 ).
Simultaneous decrease of intensity of several Raman bands (Fig. 9 )can indicate that those bands were specific for the SU-8 monomer epoxy and were inhibited upon polymerization. However, a more detailed analysis of Raman data has to be undertaken to clarify how an in situ monitoring of polymerization can be judged from the combined DSC and Raman measurements.
DISCUSSION
Raman scattering can be used to judge a degree of induced cross linking and chemical modifications and measured simultaneously during DSC. This method is demonstrated here and is beneficial for a detailed analysis of the mechanisms of polymerization and has been absent so far. Intensity (arb. units)
Raman shift (cm -1 ) Figure 9 . Raman spectrum changes of SU-8 resist upon annealing (as shown in Fig. 8 ). Arrows mark typical changes upon annealing; note a logarithmic ordinate axis for a better view of small changes.
By comparison the ratio of the Stokes and anti-Stokes Raman intensities it is possible to exactly determine the temperature at the irradiation spot during recording providing a tool to monitor thermal regimes of polymerization solely by optical means and is focus of our future research (in this study we only measured Stokes Raman bands). Such approach will provide a method to determine contributions of thermal and optical pathways of polymerization which can be photo-thermal and photo-chemical.
The temperature can be determined from the analysis of intensities of the Raman Stokes and anti-Stokes modes:
where I aS,S are the anti-Stokes and Stokes intensities, respectively, ν 0,i is the frequency of excitation and scattered photons of the mode i, respectively, n = 1/(exp(hν/kT ) − 1) is the Bose factor, k is the Boltzmann constant, h is the Plank constant, and T is the absolute temperature, K α is the factor which is equal 1 for the non-resonant scattering.
Fabrication of 3D structures in sol-gel resists is very similar to the direct laser write of waveguides in silica by fs-laser pulses. 24 Densification of the polymerized part of resist by direct curing and inducing sol-gel transition creates the waveguide or micro-workpiece which is retrieved by later wet development step. In silica, the laser melted and heated regions makes a waveguide via anomalous fictive temperature effect, 25 i.e., a denser regions are formed at elevated temperatures and are thermally quenched. 26 Similarly, sol-gel resists can be used as an effective anomalous fictive-temperature media due to inherent densification upon local heating and gelification. Hence, a fast thermal quenching after fs-laser writing forms a higher density waveguiding regions similarly as in glasses. 24, 26 Thermal protocols of waveguide writing can be optimized by simultaneous use of DSC and Raman methods demonstrated here.
In order to develop a method of combined DSC and Raman measurements it is necessary to create such sample pan where all the volume of photo-polymer is exposed. Also, influence of direct light absorption in the pan and reflection should be better understood. Some time delay between the DSC and Raman changes observed in our measurements can be attributed to the partial illumination of the photo-polymer and will be resolved in future work.
CONCLUSIONS
Simultaneous Raman scattering and calorimetric measurements have been realized for the first time revealing thermal conditions of SZ2080 and SU-8 polymerization. Well resolved Raman spectrum shows that this method should prove to be sensitive enough to monitor structural and chemical changes in photopolymers.
This method will open possibilities to distinguish between thermal, photo-thermal and photo-chemical modes of polymerization and can be extended to the in situ temperature monitoring of cross-linking by measuring ration of Stokes and anti-Stokes Raman bands' intensity. This will guide development of new photo-sensitive materials for the direct laser write.
The DSC measurement has become a modulated technique under the laser irradiation and differs from the typical constant heat flow type DSC. The theory of modulated calorimetry is already established and, now, an experimental DSC setup is realized on a device level.
